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ACOUSTICAL PROPERTIES OF RUBBER
AS A FUNCTION OF CHHEMICAL COMPOSITION

Prepared by:

We S, Cramer and I, Silver

ABSTRACT: Measurements have been made of the complex
bulk modulus of 49 separate rubber formulations at
1500 eps and 309C, and of the complex Youngt!s modulus
- for the same samples over the frequency range 1l-5 ke
at 309. The bulk modulus was measured by a resonant
water column method, and the Young's modulus was
obtained by measuring the velocity and attenuation of
progressive sound waves in thin rubber rods. Both
results are given in the form of a complex modulus
E(1 + 417) where E, the real part, is primarily a
measure of stiffness and B , the less factor,
measures the pr Oportgon of tha total available energy
lost per cycle.

The samples tested were rade from eight common types
of rubber in which variations in the type and content
of flller and/or plasticizer were carried out.
Results on these samples showed that the resl part of
the Young s modulus, for these frequencies, ranged
from 2 x 107 to 2 x 10% dynes/em® with an associated
loss factor of from 0.1 to l.4. ghe real part of ths
bulk modg.lus rangaed from 2,1 x 10°0 to 3.3 x 1010
dynes/eme with a bulk loss factor of from 0 to 0,110,
In the ranga studied the real part of the Young's
modulus and the assoclated lodgs factor both increased
with frequency.

The analysis of the data in terms of .the chemical
composition led to the following main conclusions:

a. The real par% of the Young's modulus increased
monotonically with filler conftent. The small particle-
slze carbon black reinforeing type of filler produced
substantially more change for a glven weight than larger
particle-size blacks and non-reinforcing type fillers
such as titanium dioxide. It was also found that a
given filler did not have the same proportionate effect
on the Young's modulus for different rubbers.

i
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e The real pavrt of the bpulk rodulus showed a
similar but smallaer effect with filler content. For
example, the additlon of %0 parts by weight (to 100 parts
of pure rubber) of a carbon black filler increased the
Young's modulus by approximately 5004 while the bulk
modnlus increased by about 15% for the same material.
Also, it was found that for some non-reinforcing filllers
a peint was reached alter which lncreased loading gave a
decreasing modulus.

Co The addition of a piasticizer to the material
rasulted in a substaniial dJdecrsease In the real parts of
both modull for one iype of plasticlzer while other types
produced no change or a slight increase.

de The bullt veioeity changed very little Witg loading
or rubber type. PThe values raaged between 1.4 z 103 m/sec
and 1.6 x 10”2 m/sac for all samnples. For the same samples
the strip velocltly varied beiwzen 44 n/sec and 410 m/sec.

e. The characiteristic acoustic impedance {(pc) of
the butyl, natural, and GH-S rubbers could be made to matech
that of water with small amounts of loadling. The other
types of rubber had substantially higher values than that
of water.

f. The lees factor #»n for the Young's modulus was
highest for Hycar PA and butyl with values over 1.0 while
natural rubber and GA-S had the lowest with values of the
order of 0.3 or less.

e The loss factor for the Young's modulus increased
slightly with loading for small amounts of filler (about 10
parts) and then decreased strongly with loading for larger
amounts of filler. There is some evidsnce that the louss
may start to increase again wiith still higher loadings
possibly due to frictional losses between the filler parti-
cles,

h. The loss factor for the bulk modulus wss less than
0.020 for most samples and quantitative conclusions on the
offects of filler and plasticlzer concentrations are in
general not warranted. The loss factor for unloaded butyl
was 0.110 whieh 1s counsiderably higher than that of any other
rubber .tested. Loading the buiyl decreased this loss factor.

U. S. NAVAL ORDNANCE LABORATORY
WHITE OAK, MARYLAND
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Thils report presents data ovta’ned under a research
program entitled “The Acoustic Properties of Plastic
Materlals®, The NOL task muber of this preojsct is
FR-5-51. This report has been preceded by NAVORD Report
1534 describing a set of apparatus used in obtaining the
data and will be followed by other reports on various
phases of this work. Iiuch of the data contained herein
i3 not avallable in published rorm elsewhere and 1is
presented here in detail for the information and possible
use of workers in this fileld. 7This report is presented
Jointly by the Physics Research Department and the
Engineering Department since porsonnel from both depart-
nents collaborated in obralning the data. The division
of responsibilities 1s explalned in the lntroduction of
the repori.

¥W. G. SCHINDLER
Lirar Admiral, USN
Commangay

(:@/ﬁ.&ézg Jf/ //33 4:?/{//_’

IESLIE W. BALL
Chief, Physlics Research Depariment
By direction

,{f%%%KS;%aizggi
S. W. BOOTH

Chief, Engineering Department
Py direction
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ACQUSTICAL PROPERTIES OF RUBBER
AS A FUNCTION OF CHENICAL COLPOSITION

INTRODUCTION

l. This report presents some preliminary ras&lﬁs of a
study of the dynanic properties of elastomerict materials

by acoustic methods. This project 1s made possidle by a
collaboration between the Physles Research Department
(Acoustics Research Divislon) and the Engineering Department
(Chemistry Division, Plasties Subdivision). The Acoustics
Research Division 1s responsible for the design and develop-
ment of the acoustical apparatus, the taking of datn, and the
validity of the results., The Cherlstry Division 1s respon-
sible for planning and carrying out a program to provide
representative rubber specimens with regard to type, cheiee
of ecompounding ingredienis, moldlng procedures, and molecular
waights., Both divisions will attenpt to_correiate the
acoustical behavior with the chemical structure of the rubber.

2, In additlon to the authors, substaniial contributions to
this work were made by the following: C. S. Sandler, now ai
the Bureau of Ordnance, who designed and developed the eguip-
ment used in obtaining the bulk measurements; M, E. Ebel, now
at Jowa State College, who obtained a large part of the bulk
data presentedsy and A, Fisher, Plesties Subdlvision, NOL, who
prepared most of the samples used.

3. Thls study eomphasizes the variations in acoustical

. behavior of these elastomers with changes in chemical composi-
tione The acoustical proparties are also affected very
substantially by such things as frequency, temperature, static
pressure or tenslon, etce It 1s planned that future s%udies
will conslder the effects of these other variables mors
completely. '

4, An experimental study of the acoustic properties of rubrer
is of interest for several reasons: '

a. The propagation behavior off acoustic waves In a nmedlum
is related %o the basic molecular structure. Consequently
acoustic data on chemically known compounds are of great a{ﬂ
in formulating and testinz theoretical hypotheses explaining
these relationships.

lThe words "elasstomerice" and "eclastomer" refer to plasties which
have rubberlike characteristics.

1
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be Rubber has many practical, applications in acoustics,
Sinece it is ¢ good acoustical match with water, 1t is usad
extensively as a protective coating for hydrophones and
other underwater acoustic devices. It 1s the main material
used to prevent the transmission of structure-borne soundsi
it 1s also very often used to absorb alirborne sounds, and it
it almost the only means of absorbing liquid-borne sounds
effectively. These important applications make it desirable
to have detalled acoustic data on many varieties of rubbar.
With this information the acoustic behavior of a material of
known compositlion can be predicted under almost any condi-
tions, and new meterlals with given characteristics can be
specified.

5. The next section of this report will define some of fthe
acoustical terms used and attempt to give some concept of
their physical significance. This will be followed by =
description of the apparatus and a brief discusslon of acoustie
measurenents on plasticg by other workers in this field. Thae
acoustical data are then presented and followed by an analysis
of the data from both an acoustical and a chemical standpoint.
The discusslon of the acoustlcal terminology, the deseription
of the apparatus, and the presentation of the data were
prepared for tha Acoustics Research Division by W. S. Cramer.
The analysis of the data from a c¢hemical viewpoint and Tables
I and II showing chemical details of the samples wers prsepared
for the Chemistry Division by I. Silver,

ACOUSTICAL TERMS

6. It is generally desirable to presept the acoustic data in
the form of a complex dynamic modulus E = E{(1 + 1 ). One
reason for doing this is that the modulv= ig largely character-
istie of the material itself, snd haz e wmininam of dependence
on the dimensions of the sample and characteristics of the
surrounding media. Also, it lends ltself easily to calcula=-
tions on any kind of acoustical problem involving this material.
Alternatively, the propagetion characteristies are often
presented in %he form of the velocity and attenuation per unit
length for a plane, progressive wave in the medium. Scome basic
definitions and physical concepits linvolving the modulus will be
reviewed in the next paragraph. For a more complete discussion
on this subject it is suggested that reference (a) (particu-
larly Chapter I1II) and reference (b) be consulted.

R e
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7. The alastic modulus E is defined as the ratio of stress
to strain when a material is subjected to a forece. If these
quantities are static and the elastic limit is not exceedad
the modulus is a real number. Ths velocity of sound in a
medium having a modulus E and nsligible attenuation is E7w=
where £ 1s the density. If the stress is not constant but is

a2 simple harmonic force of the form R ek : theras
. wt‘E

results a straln of the form e:=: &o e."( )where é 1is the g‘mse

angle between the stress and the strain. The ratioo7e 1s known

as the dynamic modulus. We then have

E = /e =‘W@qacs
or E :"T/eﬁe('ws+éafm.8)
or E = E(1+¢7%) (1)
where E = Gg/(/':o eos $  and 7 = tan §

8. In order to give a clearer picture of the acoustical signi-
ficance of the quantityn , equation (1) will be considered
further. In Figurs 1 we have a typleal problem encountered in
undarwater agoustics. A thin layer of material of thickness d
and modulus E 1s cemented firmly to a rigid backing. A plane
sound wave with a wavelength very muck larger than the thickness
impinges from the right.

Rigia £ Sound Wave
backing™ > %< P
. A>>d
& >

Figure 1.
Sound wave incident on a thin absorbent coating.

3
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The sound wave subjects the material to a periodic forcs
produeing a pericdie strain. Since the wavelength is much
larger than the thickness all parts of the material deform

in phase with each other. If the stresso 1s graphed as the
ordinate and ths strain ¢ as the abscissa, and we carry the
motion through one complete cycle, we have a curve simlilar

to that of Figure 2. For a phase angle § of zero, the figure
becomes a straight line with the slope equal to the dynamie

o
2

ViV NNy
o

Flgure 2,

Stresg - Strain Diagraé for one c¢yecle.

modulus. The area of the ollipse (which is equal to 7w & oiné )
is proportional to the energy lost per cyele in the form of
heat., The total energy applied during a cyecle is approximately
proporticnal to the area of the triangle ABC (20ié). The ratio
of the area of the ellipse toc the avea of the triangle 1s the
fraction of the total avallable energy which is dissipated per
eyele. This ratic is approximately equal to Ao §) 0
Since for small angles auvn~ §= Lm§, this should explain why the

quantity m (or tan§ ) is called the loss factor and is frequently

used as & figure of merit for the asbsorptive properties of a
material. It i1s shown in references (a) and (b) that for plane,
progressive waves the factor q 1s also almost directly proper-
tional to the attenuation in decibsls per wavelength.

9. The previous discussion mentionod only the elastic .modulus
Fe It is customary in elastic theory to distlinguish three basie
types of moduli. These are the Young’s modulus, ths bulk
modulus, and the shear or rigidity modulus. From an acoustical
standpoint the differences area as follows:

{a) Young'’s modulus (¥). This is the modulus of interest
for a longltudinal sound wave when the wavelength is much larger
than the effective lateral dimenslons of the medium. The
viloeigy for a wave of thils type, assuming negligible attenua-

Cy = {3, (2)

4
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This is the velocity of sound in & thin rod or strip in air.
(That is, the sides are not constralned but are free to
expand and contractj. 7The same condition is approached in
some measure with a solid of large lateral dimensions when
the material contalns a large number of air=-filled holes,
providing some mreasure of pressure release.

(b) Shear modulus ( ). This is the effective modulus
for a wave whose particle digplacement is perpendicular to
the directlion of propagation®, The velocity of a shear wave
with negligible attenuation I1s

Con = Q/“/P . (3)

(¢) The bulk modulus (Ep). This is the modulus concerned
when a materlial undergoes a compressional stress resulting in
a change of volume rather than a changs of shape. In acocusti-
cal work thils modulus is important when plane wave propagation
takas place in a medium where the lateral dimensions are much
larger than a wavelength. In thils case the effective modulus,
known as the hulk wave modulus, is a combination of basic
modull of the form (E? « 4/3 0 )s So, the velocity of a wave
under this condition is

En + 4/3
Cy, ,,\[ "Q”MF e ) )

The three basie moduli usually differ considerably in magnitude.
A1l are needed to completely describe the acoustic behavior of

a materlial. Since esach modulus consigsts of a real and an imaggi-
nary part, this means that six numbers are needed. Then, of
course, these six quantities will vary more or less independently
with frequency, temperature, etc. In elementary elastic theory,
which assumes no losses, simple equations zre given relating the
various moduli., As to how far these relatlionships hold with the
complex modull and especlally how the respective loss factors are
related is not completely cleer at present. In considering any
propagation problem one must declde which modulus or modull are
gignificant. This is frequently rather difficult when the
structure is not simple and many borderline cases occur.

APPARATUS

10, Apparatus were developed %0 measure the bulk modulus
and the Young's modulus. ©Some exploratory work was carried out
on the measurement of the shear modulus but these data are not

complete and will not be included inm this report. The description

20 This definition is true only for a plane wave. For dlscussion
cf the general case consult a thecoretical book such as Page's
¥Introduesion to Theoretical Physies®,
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of the apparatus used follows:

{(a) The bulk modulus CEE) was measured by a resonant tube
method originally used for this purpose by Meyer and Tamm in

1942 (reference ¢). The present aspparatus was developed by
Sandler and described rather completely by him in reference (d4)
and in abstract form in references (e). The following quotation,
taken from reference (e), is glven here for convenience. "The
apparatus consists of a water~filled steel tube one nmeter long,
with 3/8 inch wall thickness. Standling waves are set up in the
water column by means of & magnetically driven diaphragm mounted
at the bottom of the tube., The ssemple to be measured is inserted
at a pressure antinode and by considering the water column as a
rasonant transmission line, the bulk modulus and its loss factor
are deduced from the change in @ and shift of resonant freguency
when the sample is inserted. The operating frequency is (zpproxi-
mately) 1500 cps and a beat frequency technique is used for
measuring the small changes in fraeguency involved.® Temperature
is controlled by surrounding the tube with a water jacket which-
vas thermostatically controlled at 300C. for these tests, These
measuraments must be done quite carefully as the prasence of
small air bubbles on the surfaece of the materlal would seriously
affest the results. It was found that an experienced operztor
could repeat measurements so that the average deviation from the
mean for successive readings 1s less than £1% for E and 0,002
for7 » (This estimate 1s based on results from 47 measursments
on 16 different materials).

(b) The apparatus used at NOL for measuring the Young's
modulus has only been dsscribed in an abstract (reference f).
It is aessentlially the same apparatus developed by Nolle and
described by him in reference (b). It will be discussed briefly
with the aid of Figure 3. The measurements were made on thin,
rubber rods 1/8 inch iIn dlameter and abgcut 10 inches long. The
sample is suspended horizontally and acoustlcally driven at one
end with a record cutter head suitably coupled to the rod. The
other end of the rod 1s supported with a leaf spring arragg@ment
which wag set to apply a coanstant tension of about 2 x 10
dynas/cm¢ to the rod. The amplitude of the sound wave 1s measured
wilth a crystal phonograph unit with the needle bhearing lightliy on
the underside of the rubber rod. The pickup arm is mounted on a
motor driven carriage and the output signal from the pickup, sult-
ably amplified and filtered, is fad to a Speedomax sound level
recorder. The same motor drives the Speedomax and the plckup
carriage. This arrangement enables the operator to make an auto-
matic, continuous record of the logarithm of the amplitude versus
the distance along the rod. The wavelength is obtained by beating
the signal from the pickup with the direect signal from the driving
oseillator snd observing the Lissajou patitern on the screen of the

A
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oscilloscops. The points of 02 and 180° relative phase differ-
ence can be recognized and the separatlon of these points, viz.,
the half wavelengthscan be measured. The veloclty can then be -
calculated using the known frequency. The lower frequency limit
of operation of this apparatus is set by the condition that the
attenuation in decibels per centimeter, which inereases with . -
frequency, must be sufficiently large so that negligible vefliec~
tion is received from the end opposite the source. In other
words, we must have an effectively infinite line., The lower
1imit for must rubbers at 30°C. is in the vicinity of 1 ke. The
uppsr frequency limit cccurs when the wavelength is no longer
substantially larger than the dlameter of the rod, or the upper
frequency limitation of the apparatus 1s reached. This limit
usually occurred between 5 and 13 ke for a temparature of 30°C.
In this investigation the range studied was limited %o from 1 to
5 ke. The whole unit was mounted in a heat-insulated box and
thermostatically=controlled air at 309C. was circulated through
the box. This f{emperature can be maintained to within perhaps
30.29C, Measurements showed that a very satlsfactory stralght
line, as predlcted by theory, could be obtained when the plot of
the logarithm of the amplitude versus the distance was made.

The results of the attenuation and veloocity measurements in
general are repeatable to within perhaps 5% and the accuracy is
increased by obtalning readings at a number of frequencles and
connecting the points with a smooth curve. The velocity and
attenuation figures can then be used to calculate the real and
iraginary parts of the Young's modulus.

(c) Although no extensive data were collected on the shear
modulus, some exploratory work showed that the real part «f the
shear modulus is approximately 1/3 that of the Young'®s modulus
and the respeciive loss factors are approximately equal. This
is in line with conclusions reached by other workers in this
field. The technique of measurement used was to study the pro-
pagation of torsional waves {instead of longitudinal waves) in
the thin rubber rods with the Young’s modulus apparatus. The
values of the resulting velocity and attenustion can be ured to
calculate the complex shear modulus,

SURVEY OF MEASUREL'ENT TECHNIQUES

11, It might be well to pause at this polnt to discuss ,
briefly some other experimental studies on the acoustic proper-
ties of rubber. The literature om this subject is falrly
extensive and no attempt will be made (o be exhaustivae,

Emphasis will be placed on experiments covering frequencies in
the upper audible and lower ultrasonlc regions. Tha discussion -
will be givided according to the type of modulus most directly
concerned, _

] .
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(a) Bulk modulus. Thers have been comparatively few -
measurements of this quantiiy. The resonant tube method of
Mayer and Tamm (reference ¢) has been used in the viecinity of
1 to 2 kee The quantity measured here is the complex bulk .
modulus assoclated wilith an-all-sided compression of the material
(Eb). As explained in section 9(ec) this is not the modulus
associated with actual bulk wave propagation (Ep + 4/3#).
However, it is an important part of it, and by itself it is of
considerable theoretical interest. There have bsen quits a few
measurements on the veloclity and attenuation associdted with
bulk wave propagation. The freguency range studlied has been
from 40 ke to 30 me. The technique generally used has been to
immerse a comparatively thin disk in water and compare its
acoustic properties with that of the displaced water. This has
been done by Mason (reference g) and others using the method of
acoustle interferometry, while Nolle and lowry (refersence h) and
others used pulse technique3¢ Considerable data have been sube
mitted by these authors.

{(b) Young's modulusn. This quantity has been measured
satisfactorily over a freguency range from a fraction of & cycle
per second t6 30 ke and above. A survey of many of the technlques
used in measuring this quantity 1is given In an article by Nolle -
(refoerence i) and in Chapter III of Meyer's book (reference a).
Most of the studiez above 500 cps have used the progressive wave
technique described in section 10(b) of this report. It is a
convenient reliable method that lends itself easily to routine
collaection of data. Above 30 ke it becomes rather diffleult to
measure the ¥oung's modulus as the experimental conditions are
hard to obtain (viz., the latersl dimensions must be small come
pared with a wavelength). An interesting study by Nolle of the
vehavior of the real and Imaginsry paris of Young®s modulus as a
function of frequency gnd temperature (a perspective threc-
dimensional drawing is used) over a considerable range of both

quantities 1s available (reference j).

(¢) Shear modulus. The measurement of the dynamice shear
moduvlus has received less abttention than thai of the Young's
modulus. At the very low frequencies (a few cycles per second),
a torsional pendulum method of measurenent can be used. At
higher frequencies up to several klloegycles per second a resonance
method is frequently used in which the rubber la shear acts as
the stiffness element in a vibrating system driven at resonance.
The usual procedure is to sandwich the material between two rigid
plates, keep one fixed and drive the cther parallel to its face.
The resonant frequency 1s detected by tuning the system for .
maximum amplitude. Thils frequency along with the physical dimen-
sions of the system and the width of the resonance curve gives
enough information to obtain the dynamie shear modulus. This .
method ean only be used as long as the thickness of the materisal
is considerably less than the wavelength of a shear wavse in the

9
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rubber. For a more complete description of this typs of
apparatus and technique, the work of Billon, Prettyman, and
Hall is suggested (reference k). Measurements have also besn
carried out in the megacycle roglon using a pulse technique in
which a sample is Inserted in a solid acoustic transmission
1ine (liquids will not in general support shear waves) and its
velocity and attenuation measured. The upper audible and lower
ultrasonle regions offer more difficulty for shear studies and
have received less atten®tlon. '

ACOUSTIC DATA-

12, Acoustic data are presented-in Figures 4 to 15 and
Table III on 49 separate rubber formulations; consisting of
variations of eight different basic rubbers. The legand on
each figure will indicate which basic, rubbsrs are included in
the figure and each curve will have & code number for the parti-
cular formulatlion used. Reference should then be made to Tables
I and II for the chemical details. As a convenience to the reader
a table of the variable loadings will be included on eaeh graph
whenever possible. This table gives the amounts and types of
filler and plasticizers used in e¢ach formalation. The abbrevi-
ations used are explained in Table I and the number of paris
(abbreviated pJ 1s with reference to 100 parts by weight of the
basic rubber. Each formulatlion contains, in addition to the
filler and plasticizer, certain compounding ingredients which are
necessary for vulcanization., These matsrials, given in Table II,
are kept constant for the variations of a given hasic rublber but
vary for the different basic rubbers becszuss of chemical congl-

derations.

13. Figures 4 %o 8 inclusive show the strip velocity (c)
(that i1s, the velocity associated with the Young’s modulus) as a
function of frequency from 1 ke to 5 k¢ at 309C, for all sanples.
The experimental points are included for refersnce. The sitenu~
ation in decibels per centime$er (¢ ) was measured for the same
samples at the same frequancies. These attenuatlon data are not
presented completely but the curves for three formulations sach
of neoprene (GNA) and GRS rubber are presented, with experimental
points, in Figure 9 as an example, In IMgure 10 the attenuations
at 5 ke for all samples are summarized in graphical form, This
form of presentation was used to give a clearer picture of
relative values. In Figure 1l several examples ars submitied of

10
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the real part of the Young's modulus3 plotted 3§§inst the
frequencys. The values of the modulus at l.5 ke are summarlzed
for all samples in Figure 12. Thls frequency was used for the
summary since the bulk data were taken at the same frequency.

Similarly in Figure 13 typlcal curves are presented of the loss |

factorrn for samples of butyl and natural rubber. The bdutyl
has one of the highest loss factors of the homogeneous rubbers
and natural rubber has one of ths lowest. The graphical summary
of all samples was made at 5 ke, since the accuracy here 1s
higher than at the low frequencies, and i1s presented in Figure
14,

14, The bhulk datz were taken at only one frequency (1530
cps). The real part of the bulk modulus, which is obtained
directly from the resonant frequenciss and curve widths, ls
presented for all samples In graphical form in Figure 15, ¥No
bulk data are included on the Thiokol type rubber due to surface
irregularities on the available samples which brought the
validity of the results into question. The loss factors
assoclated with the bulk modulus are very small (less than 0s:10)
for the most part and c¢losely grouped tégether in magnitude so
it was doubted if the graphlcal presentation of the data used
herstofore would serve & useful purpose. Thsese data are
presented in Table IIl. '

3 phe expression relating the real part of the modulus to the
experimentally. determined values of ¢ and o« follows:

peill-rt)
e oy

F =

where o is the density and = & A /54,6

4 The loss factor » 1s related to the experimental values as
follows:

2
no- )= ™

i1
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15, From an acoustic standpoint several comments on the
data might be mades

(&) The real part of the bulk modulus i1s quite high,
being of the order of that of water, The real part of ths .
Young's modulus, on the other hand, is about two orders of ;
magnitude smaller. This means tha% rubber l1s very lincompresse
ible in bulk but can be deformed quite easily. The latter
affect is a matter of daily observation but the former i1s less
apparent without speg¢lal tests.

(b) The fact that the bulk modulus is very substantially
larger than the Young's modulus (gnd the shear modulus) for
rubbers makes 1t the most e¢ifective medulus when studying
acougtic propagation through sheets of homogeneous rubber.
Recall that the bulk wave modulus, which is the effective
modulus unless the material is structured, is of the form E
(bulk wave modulus) = Ey + 4/3 M where Ep is the bulk mcdalus
and s 1s the shear moduius (see section 9 ¢).

- {e) The increase in strip velocity (and the real part of
the Young's modulus) wilth frequency is noted as 1s also the fact
that different basie rubbers and different formulations have
different rates of dispersion. The work of Nolle (reference jJ) -
showed that the modulus will continue to increase with frequéncy
untll some limiting value Is approached at very high freguencies.

{(d) The loss factor azssociasted with the Youngis modulus is
ustally about one order of magnitude higher than that associated
with the bulk modulus. The latter, indeed, 1s so small in most
cases that in former years 1t was assumed %o be zero. Since v
is almost proporticnal to the loss in decibels per wavelength
(see footnote%), the twofold effect of a largerwn, and & smaller
wavelength make the attenuaticn in decibels per centimeteor
assoclated with the Young's modulus substantially higher than
that for the bulk effect.

(e} The loss factor associated with the Young’s mochilus.
inereasad with frequency. The work of Nolle (reference J) showsd
that the loss factor tended to peak somewhat above the praessnt
frequency vange of measurements and then decreased to a constant -
value. The position and magnitude of the peak depends on the
rubber type.

S .-

[PV

{(f) The present experimenis give no information on the
variations of E and n with frequency for the bulk modulus, How-
ever, the work of others, principally Heyer and his associates, .
indicate that the real part of the modulus changes comparativeiy
1ittle while the loss factor may increase by a factor of ihree
or a 1ittle more in the frequency range 1 ke to 1 me,

12
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(g) 1t is interesting to nots that two different rubbsr
rods with the same attenuation per unit length (X ) may have
widely different attenuations per wavelength because of the
difference in velocity. A material such as natural c¢repe rubber
has a comparatively high value of & under our conditions of
measurement but has one of the lowest loss factors of all the
materials tested. (The loss factor (v ) is a function of the
attenuation per wavelength as explained in footnote 4). In
choosing a material for an application requiring a high loss
the relative importance of & and v depend on the particular
application in mind and other properties of the material, and
no simple generalizations can be made.

13
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Symbol

[lastomers

HC=13
HC--25
FA

PA
CR-S
NR
GNA
GR~1

Fillers

FOTQ
HOMOFQ
E.P.C.
SIL
Ti
o’
ASB

Plaszticizers

D.B.P.
CUM

FIC

RESTRICTED
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Table 1

Chemicels Used in Lhe Investigation .

il o 2

P

Common Naws

Hycar OR-15
Hyocer OR=25
Thiokol FA
Hycer PA
GR--S-50
Natural Rubber
Neoprene
Butyl

Fine Thermal Black

High Modulus Furnace Black
Easy Processing Channel Black
Silene E.T.

Titanium Dioxide

Celite 505

Labestos

Dibutyl phthalete
Cumaxr P=25

Picgo 25

14
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Dgscriptive Detail .

Butadiene-scrylonitrile rubber (55:45).
Butadiene-ascrylonitrile rubber (67:33) .
Polysulfids rubber :
Polyacrylic rubber

Butadience-styrene rubber {71:29)
Natural Crepe Rubber .
Chloroisoprene i
GR-I1~15; isobutylene-isoprene

P-33; 150-200 microns |
Continex H.M.,F.: 50 to 60 microns :
Cont. AA; 30 ¥o 33 microns

Caleium Sil icateg - extra fine
duPont 's R-300

Diatomaceous earth

Powlered .

Para-gourmerong-indene resin and cosl
tar comp. M.P. 259,
Para-counarone-indene resing M.P. 25009

[ S LRI



trr———

—

RESTRICTED
NAVORD Repqrt 1778

Table II

FORMULATIONS OF SPECIMENS USED IN THESE TESTS

e cmaane o Wi 3 o i gl

Ssmple Number (HC-15- ) ]

S

Matorial A2 3 & 5| 6f 7| 8| 9| 1o 1| 17 13 1
1

Hyear OR-15(HC-15) 00| 100/100| 10011001 100} 3100 190 |100| 100| 100! 100 200 100
L

Zing Oxide 5 1 1 | 5 3 5 > ) b vé 35
Stearie Acic Lef| 15503050 3:512.5] 1.5) 1.5] 1.5 12.5) 1.5) 1.5/ 1.9 1.5 1.5
i

Altax Bofi) 10501.511.512.51 251 351 1:513.5] 3.5 105! 1.9 1.5 14"
Sulfuy ; 2] 20 2] 21 2| 2| 2| 2 21" 21 2 2 2
(D.B.P,) ‘

Dibusyl Phthalate 12,5 301 75112.5112,5/22.5 12,5|12.5/12,5]12. 5 1.5 1.9
HK.F, {Carbion black) 20! 301 301 30t 90| 50 A
F. T, {Carbon black) 101. 301 50
53dens K., SIL) ' 10 | s0ls0] U
Titeniva Dioxide{TLi04) 4310 '
Calits 505 _(CEL) ;
.

E.F. . (casbon bluck) —
I

i

Agbessos (ASB) ...
Guigy P=25 Q) .
T

Pieco 25 (PI0) s b S - e a e .
AN R e et muj.mmum;.m- Ht g «mnfum “Tm——oﬁ"-gj’w . = = --s‘
Havdazsg-shore & G2l 69 178160 1421 92 78 | 55 | 65 | 70 157 166 179 152

The curdng ayels was 30 minubtes at 310°F. for all samples on this page.

The nuabsy of paris is with respect %o welght.

15
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The suring cycle was 30 minutes at PO°F. for all samples on this page.

The aumber of parts 1s with raspset to weight..

14
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Table II L
(continued) i
FORMULATIONS OF SPECIMENS USED IN THESE TESTS -
Sample Number (HC-l5- )
© Materisl 15l 36 171 18 19l 20| 21] 22| 23 25 26 27 2?*
Hycar OR-15(H8-15) 100 1col 100 100] 100! 100 00| 100 100 100]200] 100 100 100 t
Zine Ozide s| sl 5 sl sl s sl 5 5 s s 5 s 57
Steacic Acid 1.51 1.5 1.5] 1.5] 1,51 %.5] 2.5] 1.5 i.g 1.5 1.5 1.5 1.5| 1.5
Sulfuy | 2l 2l 2l 2l ol 2l 2 o a4 A a2 oA 2 2
{T.B.P.) — . T §
Dibutyl Phthslate 12.5012.5112.5112.5112,5012.5132,5112,5/12,5 12.512.5/12.5
HoM.F . (earbon black) - _‘
F, T, {carbon hlack)
Silenn E.F.{SIL) .
(T105)
Titenium Dioxide 30 50
Ggdibo 505(CEL) 110l 301 50

E.P.C. carbon black) | 10] 30! 50 30
Asbestos (ASRB) 20l 10 30_
Cumar P.-25 (CUL) 25l | i
Pleeo 25 (PIC) I N Lt 0250 2%
Hardnsyg~shore & 5 160 1621 75 1851621 75] 85 54 551 57 | 75 581 62 %
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FORMULATIONS OF

Table IT

{continued)

SPECIMENS USHD IN THESE TESTS

__HC-25- FA-_ R GR-S--
Mateptal 1‘ 2l 3l al 2l al 1l 2l s 3l > L3
Hycar 0R-25(4C-25) {100] 100| 100
Thiolkal FA_(Fa) 100} 1001 100 ;
Hycar PA (P4) 100 | 300 § 100
GR-3-30 (GR-S) | | 100} 100 | 300
Zine Oxide 51 5 130l 20| 30 51 51 5
Stearie Acid 1.51 1.5 1.5 10.9]10.510.5 2 2 2
Altax ‘hesl 105! 1.5 {031 0.3 10,3 Lo5l 2.5 1 2.5
D.P.Ge | lo.1 e loa N
Butyl 4igate 0.1] 01l 0s
Sulfyr 2.1 2 2 2 2
Fool Gre"ése 2. z 2 —
Hydre ted Lime s 5 -
}Ga‘SiUB «SH20 ) iO 10 ?10
speyrite Stalite | 1 1 1
' (D.B.P.) '
Dibutyl Phthalete 12:.5112.5
F.T. (c‘arbon black) | 30 | 50
E.P.C.(carton _l_s;gc&‘ 30 20 .. @Wm 30 50' 10 0 _1so
Hardness=Shore 58 172 42 | 58 } 651465 156 165 | 34 | 55 68
Curing Cycle Time 30 min, 30 min. 45 min. Loti 301 1 309
Curing a’ 2800 29009 § 2900
Cycle Temperature 310°F, 300°F. 310°F. Fo | F, Fe
17 '
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Taeble £X

(continued)

o FORMULATIGSIS OF SPACIMENS USED IN THESE TESTS

MR- GNA-~ GR-1-~
Matarial, 1 24 3 i1i 2 3 1] 2 ;L 3
Noturel Crepe (NR) {30C 1300 1100 |
Heporene (GNA) ...1300 {300 [100
Futirl (GR-X) 100 1100 100
Zia: Qudde 3 5 1.5 5 I 5 2
Stearic Acid . .'i.'m_; i 105 0;5_ 0.5 1 1 1
Aliax L | 1 1
Bufiyl Yimate o5 10,51 0.5
Tararr 1.5 11.5 105
¥ed sl & |8 |
sultus 11313 2 1212
Azeriie Alba - 1 0.510.510.%
Avecifia Shalite o 2 2 2
e Inspa=ihor A lasd sl sulas les 178 132 lw | s
Cur'ing Cyole Time 30 min, 30 _ming 30 min,
Cering Cyele Temperature 20008, i 290, 300°F,

18
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FIG.4

STRIP VELOGITY vs FREQUENCY
FOR SEVERAL FORMULATIONS
OF HYCAR OR~I5;T=30°C

Yarisble Loading*
90 p HMF; 12.5 p DBP
30 p HNP

50 p AMP; 2.5 p DBP
5C p 8IL; 12,5 p DBP
no loading
50 p FI3
30 p HMP;
30 p SIL;

2.5 p DBP
12.5 p DBP
2.5 p DBP
30 p FT;
10 p P13
10 p SI1L;
30 p HaF;
30 p HMP;

12,5 p DBP
12.5 p DBP
2.5 p DBP
30 pDEP
75

p DBP

* Abdhreviations axplained in
Table 1.
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FIG.5

STRIP VELOGITY VS FREQUENCY FOR
SEVERAL FORMULATIONS OF HYCAR OR-15; T=30°C

400

Yariable lLoading

#22 50 p EFC; 12.% r DBF
#26 30 ypRFC; 20 | aSBy 12.5 7 LEF
#2/, 12.5 p CUK

#19 50 p CBL; 12.5 r DEF
#25 12,5 p I1C

Wl 2 r EFC; 12,5 p DB
#18 3¢ v CEL; 12,5 p DBI
#22 30 p ASB; 12.5 r DRE
#20 10 pEPC; 12,5 ; DEF
#16 50 p T10-;12.5 p DBE
#27 10 r ASE; 1.5 r DRF
#23 12,5 p DPF

#L, 10 1 TiGp312.5 r DEF
#15 2 p Ti05;12,5 p DBF
#17 1C  p CkLj 12,5 p DBF

20
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FIG.6
STRIP VELOCITY VS FREQUENCY FOR SEVERAL
FORMULATIONS EACH OF HYCAR PA, HYCAR OR-25
(HC—25), AND NATURAL CREPE RUBBER (NR);T= 30°C

400
b pA-3
Veriod e leatio
Fh-3 50 p BEC
Fa-2 30 y &EC
Fa-1 n~ loading
/b PA-2 HC-25-2 50 p EIC; 12.% v DB
"R-3 50 r EIC
PA-1(X]) HC-25-1 no loading
=2 30 r LIC
Mh-1 n» loading
)
w
7]
—
0
@
ha HC-25-3
=
Z 200
3 Q
o
]
{1V
>
NR-3
HGC-25~-2
HC-25-1
100 NR"‘ 2
;,,,,x;..--,*a.;uu-_ e Jies ean sme o - NR"’I

o l L A = j -r & Ln-ﬁucL:r:-MAu':.'—a,J
: 4

2 3 5

FREQUENCT (RG)

21
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G.7
u;!\ED \-[ELG;!?Y us F EQUE?‘GCV FG%
SEVERAL FORMULATI S EACH OF
NEOPRENE (GNA) AND THIOKOL Fa

T=30e¢
Yariable loadin,
GNA-3 s p EPC
GNA-2 39 p Erc
FA-3 50 p PT
F4-2 30 ppr
Fa-1 no loadi

GNA-3

GNA-2

FA-3

FA~2

FA~)
GNA-}

-——X""""" -

i bl oo oo LT

. - 4 -
50 L\L\\r
1 2 3 4 5

FREQUEN . {3}

,

RESTRICTED




FIG.8

STRIP VELOCITY vs FREQUENGCY
FOR SEVERAL FORMULATIONS EACH
OF BUTYL (GR-I)AND GR-S-50

T =30°¢c

Variable Loading
GR-I-3 50 p LE}C
GR-I-2 30 p EIC
GR-5-3 50 p EIC
GR-I~1 Mo loading
GR-6-2 30 p EFC
GR-5-1 10 p EFC

300 _—
GR-I~2
9
_ 2004
[&]
EH §
n
——
& SR-5-3
i T 3 GR-I-|
[ o
w |/
R
>
=
(&)
S
> ,4..{.::.__._._;( _____ X — —X GR-S-2
100
- ma Setmm G WOR M WS e e S (GR-S_I
} el Soleals Eolednteshes = x
0
{ 2 3 7 )

FREQUENCY {K¢)

23
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PGNA-|

F16.9
ATTENUATION vs FREQUENCY FOR

rI

SEVERAL FORMULATIONS EACH OF

G NEOPRENE (GNA) AND GR-S~50.
(GR~-S) RUBBER;T =30°C

Varigble Loadine

81 GNA-1  no loading
GNA-2 30 p EPG
GR-3-1 10 p EFC
GR-S~2 30 p EPC
GNA-3 50 p EPC
GR-3-3 50 p EPC

a
H

ot 4 1 J
5

2
FREQUENCY (KG)

13 on
L
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FIG.10
COMPARISON OFATTENUATIONS

FOR ALL SAMPLES AT 5 KG AND 30°C

g
<]
"

(411 samples in thie
column = HC-15)

—5

e | 4

— 16
2
=20 and 27

—9

tand 18
—ad 4

e 4—2.

———2and 2

=210
28
e | O

— 21

30-1'—!3

—T
— 3
=26
foeme 2 2
—&

HC~i5=HYCAROR-I5

P GNA-1

= NR—|

~ GNA-2

p— GR-S-2
— GNA-3
P~ NR-3

= GR-5-3

GNA:z NECPRENE
NR =NATURAL GREPE
GR-S:GR-5-50

HG-25:=HYCAR QR-25
GR-I=BUTYL

tcte: Sce Tarles I cnd 11 fer oxplaration
cf symbols ured.
SNHC-25-
p= GR—1 —1|
T—FA—I
—HG-25-2
L— FA-2
—GR-1-2
| PA-}
e FA-3
—— PA-2
= HS-25-3
— GR-1-3
p— PA-3

FA=THIOKOL FA
PA= HYCAR PA

B

25
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FIG.1i
THE REAL PARTOF THE YOUNG'S MODULUS vs
FREQUENCY FOR SEVERAL FORMULATIONS EACH OF
BUTYL {GR-T) GR-S*SO(GR"S),AND NECPRENE (GNA)
7=30°¢c

Variable Loading

GR~I-3 50 p LIC
GNA~3 50 p E¥C
CR-5-1 50 r ErXc
GR-I-2 30 p EPC
GNa~2 30 p BEFC
GR-S-2 30 p EPC
GR-1I-1 no loading
GR-5-1 10 » EFC
GMa-1 no loading

YNES [cmM2)
[4 )
O
H
| —
Z 3
.'b [
Y
Yoo

(@]
@« A
e} e et cnm camm e e e W e - el
S S eadl e R R "]\GR-I-‘E
1%
2
|
a ] GNA-2
o]
ZE 2 Ohamme
o
(4]
z /
A S GR-S-2
U e i o e e vate e e e
o d GR-1-p
o
m /
u —
a
o ——tGR-5
“““““““ g ——{ GNA-|
O5r— e ——

I

o

,I.u

i

!

!

Y N I 1
: 2 3 4 ]
FREQUENCY (KC)
26
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Fi1G.12
COMPARISON OF THE REAL PARTS OF YOUNG'S MODULUS
FOR ALL SAMPLES AT {.5KCAND T=30"C

Teter  Ser Lol o1 ond 11 fer cowj lets

REAL PART QF YOUNG

cvpisnation ~F oyrkels wot,
20wy
6
0 22
3
gG
(\T 5 21 | -
5 ;’__’::8 GNA-3
@ ;,//:éa—zs L racn — GR-1-3
z = = HC-25-3
z ,\gg l— GR-5-3
® 12
= 9
o) s b PA~1
o 1) — NR-3 -
5 B L~ Fa-3
= t: 2 ~— HG-25-2 L— GR-S~2
o \15
1.0 !243
- p— FA-2
’ e HC-25-1 — GR-I-1
. NR-2 — FA-I
084 5 GR-5-1
GNA-i
.
-
{ALLL SAMPLES
IN THIS COLUMN =
HG—15)
f— NR-~1
HC-15=HYCAR OR-1§ PA=HYCAR PA GNAzNEOPRENE GR-1=8BUTYL
HG-25=HYCAR OR25| GR~S=GR-$-50 FA=: THIOKOL FA
NR=NATURAL CREPE
i
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FIG.13

LOSS FACTOR FOR YOUNG'S MODULUS VS
FREQUENCY FOR SEVERAL FORMULATIONS EACH
OF BUTYL (GR-I)AND NATURAL CREPE RUBBER (NR)

T=30°C
Variable louding
Gii=1-1 n~ loading
Gi=1-2 23C r. EXC
GR-I-2 50 p, &IC
LR~1 nn ﬁoa@ing
Vil 20 p. EIC
¥R~12 80 p. BIC

GR-I-1

L0OSS FACTOR(T7])

o
)

LNR—1|

" _{NR-2
/// NR-3
//

1 [ 1
0I 2 3 4 5
FREQUENCY (%G
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FIG.14
COMPARISCN OF THE LOSS FACTORS

ASSOCIATED WITH THE YOUNG'S MODULUS

HC-25=HYCAR OR-25%

FOR ALL SAMPLES
AT & KC AND T=30°C
(ALL SAMPLES |N Mok | Se TR 3
THlagglléli’MN m: lanetion
HC-158=HYCAROR-15 IGR-I-8BUTYL

.1 11 for cor:lote
nf ocorYels unsl,

b GR-I—|
L4
GNA=NEOPRENE PA:HYGAR PA
—24 NR=NATURAL CREPE {FA:THIOKOL FA
. GR-5:GR-5-50
p— PA-2
b |
b |7
1, 2op— |4
fe 25
b= GR-1-2 .,
wdl — PA-3
— |6 , 20
— 10 |8 o HC~-25-1
I 02
g o
[e]
<
w _\\2 L-
wn —\ T
1%,] -_:~\3 GR-1-3
o
Sed B
ogq _ %
=3
-—‘_\_4
7 - HC -25-2 o cNA-
26
os_,, he HC-265-3
— 6 b— GNA-2
e GNA-3
e 55
0.4 FA-1
= ra-2
b FA-3
E: NR-1
NR~-2 =~ GR-5-2
™ NR-
3 - GR-S$-2
b GR-S 1
0.2
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FIG.I5

COMPARISON OF THE REAL PARTS

OF THE BULK MODULUS FOR ALL SAMPLES
AT 1.5 KC AND T=30°C

(ALL SAMPLES
INTHIS COLUMN

HC -6
HC-15=HYCAR OR-15

3.3«
=&
pr [0
3.|=-
- -3
Ng —punit 7
— p— 7,9
@ p=13,26
E p 4
O 294
© =I5
x
x —2,2228
0 —--‘:19
=2 8
P |
5
5 = |6
s aad L
” 4,20
5.1 2.7+ 5
—-— 1,24
o] -

L. _‘\2'5
S =8
g
E ~j23
a 7

a
I 27
u
©

P
n
2

2.3=

HC-25=HYCAR OR-25
PA=HYCAR PA
NR=NATURAL CREPE

p— HC-25-3

= HC-25~2

- PA-3
b PA-2

p— HC~25-1

p= NR~-3
= PA-1
b NR-2

p— NR-I

See Tables I and II for complete

Notes
explanation of symbols uased,
GNA=NEOPRENE GR~I=sBUTYL
GR-$:6R-S-50
= GNA-3
= GNA-2
== GNA~|
b GR-5-3
= GR-I-3
b= GR-S-2
b~ GR-I-2
b= GR-S-|
GR-I-i
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Table TEX

Lous Factors Lfor the Bulle Modulus

Logs facior
Gpabed  Nams of Blastomer  Veriasblo losding “faverage)
FG-15=1 Hycapy OR-=15 no loading : 0.01
HC- 152 " % p. HM.F.g 12.5 p. D.B.P. 0.012
¥6.35-3 " A p. HMUP. Q0,004
HE=15=L, u 30 p, HOM.F.3 30 p. D.B.D. 0.00%
{16155 " 0 p. HM.F.3 75 p-  D.B.P. 0.00¢
G156 , n 90 p. H.M.F.y 12.%5 p. D.O.P, 0.000
LG -15-% i 50 p, HLM.F.; 12.5 p. D.B.P. 0,010
HG~15-8 " 0 p. FoPur 12,5 p. DLB.PL. ¢.Ca6
HE=15-9 i 0 p. F.P.; 12.5 p. D.B.P. G.00%
[3--15::30 it 50 p. F.Y.3 32.5 po DLBLP. 0.0312
He-15-11 » i0 p- SIL.s 12.5 p. D.B.P. 0.006
[5-15-22 i 30 p. SIL.j; X2.5 p. RB.P (RN
RC-15-13 B 50 p. SIL.z  12.5 p. DLB.P. 0.010
HO 1530 " 0 p- Ti0z;  12.5 p. D.B.P. 0.009
H0-15--.5 K 30 p. Ti023  12.5 p. D.B.P. 0.005
H2 <1516 " 50 p. Ti0;3 ¥2.5%5 p. D.B.F. 0.01¢
MG -15-17 * 10 p. CEL.;  32.5 p. D.B.P. 0.042
134518 " 20 p. GBL.; 125 p. DLB.P, 0,010
G 15419 N 5 po CEL.3  12.5 p. DB, 9, 0.015
“"—‘1." - " 20 pe BE.EC.; 12.% p, DUB.P. 0.019
B-315-21 ¥ 2 p. EEP.C.3 12.% p. D.R.P. 0.0L
Nwlﬁhz’.? . ) p. E.PL.; 125 p. DBLF. 0.013
G- 354’ " 12,5 p. D E.P. () %
UG <h 5o 1 12,5 p. UM 0,006
e 5 “.,,5 n 12.% p. PIC, .0x0
.;10»-»1 26 u 30 po BP ,.,; 20 p. ASB.; 12.5 p L. B.U. 0.006
,1}1,37 ” W p 8B, 1Z.% p. DB.P. Q045 #
LC %55—‘ B (30 e fibk g 1?.5 P I)L,B.,P.: (3099
18»2’*? Hycor (R 25 i2.5 p. L:B.P. 0.0064
AG-=2%- " " 30 p., E.PGLs 12.5 p. DDLP. Q.01
HC~25-3 u 50 p. E.P.GCLz 12,5 p. DB.P 0.025 %
GR7I 1 Buty no loading . 0.112 #
GR-1.-2 0 30 Bu E.F.C, ’ 0<0¢+7 *
UR-I~3 " 50 p. E.P.C. 0.019
AR-1 Netural no loading 0.003

HR-2 # 30 p. E.P.C. . 0.011
JR-3 ,. 50 ps E.P.C. 0.0310
GR-S-1  GH-8-50 30 p, E.P.C. 0.00%
3R-5-2 Son % p. E.P.C. 0.012
R-8-3 i 50 p. B.P.C. 0.0hh *
HA=1 Neopreng no loading - 0.013

UiNA -2 i 30 p. E.P.C. 0.013
MNA=3 n 50 p. E.P.C. 0.013
AL Hycer PA no toading 0. 017
P2 t 20 b, B.P.C. 0.018
PA-3 # ) p 5.P.0. 0.019

* Valoan » 0074
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RELATIONSHIPS RETWEEN

TLE viionsLt

ACOUSTIC PROPLRTIES AND CHENICAL COLPOSITION

i6. This seetion of the report ilg concerned with the analygis
of the acoustic data in terms of the speeirfic effects of the cone-
povading ingredients. Heraetofore most Information or date derived
fraa pepbinent literaturs v wns subjeet were based on the acousti-
cal analysis of a relatively few types of rubber faraulations.
Vory 1ittle attention nas bheen glven to a study of basie rubher
tyo2s wlth regard to the effeet of compounding ingredients on the
accastical properties of the final material.
in the mechanical properties of s particular subbeir San be cbiained
thecugh corpounding it is tocsonable to expect similar important
enanges L sooustic properiieg.

17 This program Wes pleunad to cover learpe medificatl
formulation of the basic rubber types 1isted in Table . 1
ieers are sopreseniasive of bhOQ3LVpGS prasanitly in eemme
s with the exception of the silieconss. The latter rubber
ine-uded pending

ris In
cz
k)

=,
-3

[

o
Th
r

St

W H.J 1o

tavistie smell ailr volds in the material. In order to facilitate
the Investigation and perhups eliminats what may be considersd
poessible duplication, Hycar 03-15, a butadlenc acrylounlitrilie rubber,
RO eompuLndnd with ﬁcxeral planticlizers and a wide range of %ypes
angd amounts of black and noneblock illers in the hops ihat ceid{ects
sbuadned would be applicable to the other rubbers under study. The
ret vinder of the Tubbers, with the excapiion of the Thickol, wars
coimounnded only with varying amounts of a carbon bhlaek (Eofac 3

8, Tha acousiical data weporvted In Flguias 4 o 15 and .

Webhre IT) ara analyzed frow the viewpolnt of the effect of uhm basig

typer of rubber aad compounding variables on the following properties
of neouslical intercsy

(a) Real paris of the Young's and bulk moduli
(b) Velcelty - strip and bulk

{e) Density

{d) Characteristic acoustie impedance

(a) Attenuation = stpip

(£) loss factor - Young?s modulus and bulk modulvs.
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19. [Real parts of the Young's and bull meduld By, Thg
incorporation of black and ron-black fillers in Hycar OR-1H)
results in an inerease In the real part of the Youngt?!s modulus
as shown in Figure 16. Of the carbon black, tha highest modulus

! coours with the use of the black with the smallest parbticle size.
\ oo rtinental AAy an assy procsssing channel black {(E.P.Co) having
a carticie size of 30 to 33 microns and having good relinforcing

\ praperties, gives the greatest increase, while P=33, a fine

| thirmel black (Fo¥.) having a partiele size of 150 %o 200 microns
\ gives the smallest inereass. Continex HeloF., a high modulus
|
\
\

arnace black of 50=60 microne diameter has an intarmediste wsluas.
The usae of the ELP.C. flller in rubbasrs othepr Lhan '

" o £ e S DR B
S LaiGL waakl sayGalr uLieed f:)

#atults in an 1ncreass ia the Young'®s modulus as shown in Figure 19,

200 Correspouadinzly, thy inerease in the real vary ol ithe balk
mosulus fs similar ¢o that of ons Youug's modulvs in that witkin
cartein Jimits of filier concentration the genwral STond il towawd

| . wdgher modulus as sezen in Figuve 18, Howevery certain imporitani
] dlfterences do occur parbtlcularly with the none-black fillers such
|

Welh VrAArA <

a8 Cellte 505, Silene E.F., and 10, iin that a maximum bulk modulus
ocrure with approximetvaly 30 parts of filler concentraticn. This

\ ao centraition may possibly repressnt the point of meximum rolne

| crorcemant by these fiilers. The value of B rontinuzs o lncrsase,

condition being approached st the hlghest corcantrations. It isg

al:o interesting to observe that the scoustical relnforeing
| prepertias of EL.Co. are not the same fov every cubbar. Jor
\ seanple, the ncoprene and Hycar OR-1Y have approximately the
\ qesvlus value for no filler but divevge by about 10Z with 50
| i BePoCo filler.

\ heraovery with £13ler concentrstion for carbon blacks aven up to 90
parts in the ease of ithe l0'.F. blaek., The behavior of the bulk

| noiulug of several dilferent basie rubbers whan loaded wlth various

] coacentratlons of the EJP.C. filler iy shown in #Flgure 1%, The

| moduli for water 1s edded te this fizurs for comvarizon., It can

‘ 12 observed that the relaticnships acve approximstely linear wibh

| 500 evidence, In the ease ¢f certaln materdels; of a saturation )

g&
i35

n A
&5
[l (]
n

21 Within the time expanded on thig investlgationg only a
\ 1lvited nuuber of plssticlzers cowvld be studled fop the%v sffeqt
on the modulus and the other acoustical properties of rubber. As
] witls the fillers, thése plasticizers wers used with Hycar OR=15.
| The thraee plasticlzers, dibutyl phthalatae, Pleco 25, and Cumar P=25,
\ all result in a decrease in the real part of the Young's modulus
for equal concentrations (12,5 parts). Im bulk modulus, for squal
\ ecorgentretions, Pices 2% resulted in an inersase, whereas the
ouser two plasticizers caused slight decreases. The data for the
Yo:ng's modulus and the bulk modulus of Hycan OR=19 as a function
of type and ameouat of plastisizer are given in Figure 20, FEven
wiih the limited work carried out, it is important to note that
Wi cholce of filler and plasticizer and the congentration of each
will exert considerable influence in varying tihe modulus from that
of the basie rubbex type. '

N Al W
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22¢ I% iz customary in rubber technoiogy to speclfy ths
hardness oi a rubber by the durometer reading, & stati¢c messure-
ment of the hardness of rubber using arbltrary unlts ard =«
standard procedure. These values on the Shore L scale heva been.
given in Table II for all samples. In figures 21 and 22 these
durometer readings are compared with the logarit'm of the real
part of the Young®s modulus and the real part of the bulk modulus,
respectively. The experimental polnts are marked and a single line
connects all polnts of a given basic rubber. A4s 5fght be axpectied
there 1s a positive bdbut not too strong a correlatlen betweon the
durometer reading and these other quantities.

23. VYaloecit {c) 'The effect of the fillers ci the velocity
g3 measured in the Youngt's modulus test apparatus porallels very
closely the effect on the real part of the Young®s i1dulus itself.
This is to be expected as the twe propertles are relited mrutiema-
tically by the expression E = pet{i-vV/tiav)>

as already explained in footnote 3. The e2 term is e predominent
factor since r rarely exceeds 0.6. Referring to Figucs 23, the
E.P.C. black (wilth the smallest particle size) has the iargest dis-
persion and TiOp,the smallest, approximating the relati-nshily for
fillers establishsd for the Young'®s modulus. The result: of adding
B.P.Co filler to the different basle rubbers is shown In ¥igure 24,

Vote that thse Thokol FA was loaded with F.T. black instsac of E.P.Ce. ;

I% would be expected that thls substitution would tend to aduge
the dispersion in the Thiokol., These same data are then plstted in
Figure 25 as a percentage change in veloelty as a function 7
loading, and a considerable difference among the basic rubba:s
noted. The affect of plasticizers on the velocity apvears %oe be o
function of the type and amount used so that wide variations :in
velocity are obtalned (Flgure 26). For example, dibutyl phtas. ate
reduces the veloclity whersas Cumar P-25 results in an incroase.
Equal concentrations (12.5 parts) of plasticlizers 1n Hycar OR~I1
result in velocitles of approximately 130, 300, and 320 meters por
second for dibutyl phthalate, Picco 25, and Cumar P-25 respectiiily.,
The effect of flllers on velocities obtained from the bulk msasu .-
mends (see Figure 27) differs conslderably from strip data 1a thig
inereasing the amount of E.P.C. black produces relatively ilttle
change in velocity in most of these rubbers. This can be cone
trasted with the bulk modulus itfself whoare in¢reasing filler coucai-
trations usually result in a higher medulus. In Hycar CR=.5 the
non-black fillers such as Ti0p, Cellite 505, and Silene E.F. wause

a decreaso in veloeity with increased loadlng as seen in Figure 27.
Also shown is the comparatively slight Influence of the amount and
type of plasticizer on the bulk velocity. Larger concentrations
of plasticizer, however, may result in substential changes in
velocity.
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24. Density (P) Since the density of a materizl is a quantity

of acoustical importance, its variation with different types and
amounts of filler and plasticizer 1s considersd in Figure 28. 1%
is interesting to observe that for a given rubber, the resultiing
denslty for different types of filler differ substantlally for the
same loading by weight. Similarly, the same filler with different
rubbers gilves different results. "

25, Characteristic acoustic imgédanee(?t) The characteristic
acoustical impedance of rubber 1s an important acoustical property-

particularly in underwater applicetions where it mey be desirable
to mateh the impedance of water. Since the degree of matehing 1is
determined largely by the quantitypc , those factors affecting the
density and veloeity in bulk become important in this connectlon.
According to Flgure 29, thepc values for GR-53-50, natural crape
rubber, and butyl are relatively low so that the impedance could
be adjusted to mateh that of water by adding the proper amount of
filler. This wariation is probably duse mainly to the incresse in
dansity rather than an increase in velocity since it was shown in
Figure 27 that increasing the amount of carbon black (BE.P.C.) will
not alter the veloclitles In these rubbers very much. On the other
hand, Hycar OR=15, Hycar Fa, and Neoprene have characteristic
acoustic impedance values considerably higher than that of water,
To enable these rubbers to match the impedance of water, it can be
seen that incorporation of extremely large amounts of low density
plasticizer to reduce the velocity would be necessary. In actual
compounding, it ls usualiy desirrble to employ a reinforcing filler
$0 that the addition of a plasticizer would have to coungeract the
effect of Increased velocity and density resulting from the filler.
Tne relative effects of the different types of filler end plasti-
elzer on the characteristic acoustic impedance of Hycar OR=-195 isg
shown In Figure 30.

26, Attenuation (o). As explained previously the attenuation
somatimes refers to the attenuation in decibels per centimeter
(which ve call ) and sometlmes to the loss factor % , which is
approximately proportional to the attenuation ian decibels per wave-
length (see¢ footnote 3). The relative luportance of esch in pre-
dieting sound absorption Is tc some extent a function of the parti-
cular acoustical application. This paragraph is concerned with the
attenuation per unit length (08 ). With Hycer OR-19 the attenuation
decreases with the additlon of black and non=black flllers as seen
in Flgure 31, the greatest decreass being cbteined +ith the E.P.C.
black., It should be recslled that thls filler has the smallest
particle size of the carbon blacks and 1t was the one which had the
greatest effect on the veloclity. The uss of the non-black fillers
results in a tendency towzards an increase in attenuation for about
10 parte loading but 2 decrease at higher loadings, %the smallest
daecrease being effected by TiOp. In Figure 32 the change in
attenuation with loading of E.P.C. filler for the different basie

Y
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rubbers iz slotted. Then in Figure 33 these sume data are

plotted 1n percentages giving some ldea ¢ the relauvlve influsnce
on the different rubbers. These curves should be compsred with
those in Figure 29 showing percentage changes of velocity with .
loading, Flasticizers vary in their effect on the attenuaticn of
the rubber. For example, the addition of dibutyl phthslate to
Hyear OR-15 results in a substantial increase in atienuation .
gﬁﬁreas Cumar P-2% and Piecco 25 cause slight decreases (see Figure

27 . inss Factor. On the basls of resulis shown in Figuare 14
and in Table Il for the lcss factors in both the Young's modilus
and the bulk modulus tests, it is evident that wide varlations In
loss factors can be obtalned.s The specific effegct of = plasticizer
and filler on the loss as with the other acoustical prcpertles
studied is a functlon of the type and amount of compourding ingre-
dlents and¢ the basic nature of the rubber employed, Ir regard to
ioss factors determined In the Young's mcduvlus test, the highosy
results over & ronge of 1 to § ke are found in the gum vuleanizates
af butyl, Byear 0R-1l% and Eycar PA,respectively. Tiie lowes: “oss
factors are found in natural rubber and GR=8-50, Ik is interesting
to note that neoprene which has one of the highest cittenmuaticus pes
centimeter ls amoung those with the lowest loss fuctors. The chango
in the loss factor as a funetion of E.P.C., loading ‘3 shown ia
Flgure 3%. ‘The addiilon of 50 poris of loading results in a
decrease of the loss faetor for all rubbers tested, the greatest
decrease usttally oceurring in those rubbers hoving the highest
initlal loss factor (butyl and Hycar OR=15). One can Interprat
these resulis iIn terms of the data of Flgures 295 and 32, In fhese.
figures thye percentage ingrease in veloelty with loading foi
various rubbers and the percentage decrease in attenuation with
lcading are plotted. Then since is'a function of the product

o . only, it is merely a question of the relative influence of
tne loading on the velocity and attenuation, The addition of
different fillers to Hdycar OR<19 causges a varied affect on the logs
factor for the Young's moduvlus depending again on the type and
amount {sece Flgure 36). At 10 parts most cf the fillers increase
the loss factor somewaat, the greatest irersase cccurring with Ti0p
and Cellite 50%. At 50 parts the reilnforcing fillevs,such as K. P.C.y
HoM.Fo, and Silens E.F.; result in decreases in loss, the langest
deerease occurring with E.P.C.y the most reinforcing of the filiers.
Ti05, Celite 505, and F.T. black appear to causz a leveling off and
even a slight increase at 50 parts filler conceantration. On ths
basis of the data obtained with Hycar OR-1%5, it is qulite probable
that at loadings greater than 50 parts, none-reinforeing blacks or
non=blacks nmay result in higher loss factors possibly due to friec-
tional losses between the filler particles.

28, As with the other acousticsl properties studied, the use
of a plagtiecizer can result in wide differences in the loss fretor’
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for the Young's modulus (see Figure 14). Dibutyl phthalate im
Hycar OR-=1% results In a large decraeezse lua loss in contrast +o

the results for attenustion per centimeter where an increase was
ocbtained for the same plasticigzer. Pilcco 25 also results in =
decreased loss factor but Cumar P=~25 incrcases 1t slightly. .
Referring to Figure 26 and 34 we observe that ths Pleco 25 afiyects
the velocity (and therefore the wavelength) very little and

causes a slight dscrease 1In the attenuation. The results is a .
decrease in attenuation per wavelength (und a lower loss factor).
The Cumar on the other hand causes a noticeable increase in
velocity but very little change in attenuatlion. The result .
thls case leads to a large attenuation per wavelength.

29. In connection with the discusgicon of the loss factor 1t
might be of Interest to consider the terw "resillencsa®™ which s
fraquently mentioned in rubber work. According to Shaw (refarencs
1) the "resilience 1s the ratio of energy given up on recovering
from defvrnztion to the ensgrgy required {0 produce the deformationt.
A4s pointed cut In Section 8 and in Figure 2 tha energy vhich is nos
returned but dissipated ir the form of heat is proportional to ths
loss factor. The resilience and loss factor then ara complencntary
tormss that 1s, a materlial with a high resillence has o Jow loss
factor and vice versa. A discussion of resilience tasts and &
complete bibliography are given in reference {1). The resilicnce
can be derived for sinusoidal deformations st small amplitude from
acoustic deta, but most of the results quoted in the literatuze ara
obtalned frocr lImpact tests and it ls well o kaep this in niand ‘
when comparing data. Referring to the work of Shaw (refarsrce 1)
wg find that the elastomaers with the highsst imherent resllionce
ars neopreney natural rubber, and GRS which sccording to ouy data.
are zmong those with the lowest loss faclior. On tha other hingd
elastomers with the lowest resilience such as bubyl and Hye:sir OR=15H
have the hlghest logs factors. In regard %o plssticizers, the
aédition of dibutyl phthalate to Hycar OR=19% raesults in an increasa
in resllience and a decrease in loss factor whereags Cumay P25
results in & decrease in resilionce and aa lncrease in tha lous
Tactor. The addition of f{lllers is reported to result in a
dacrease in resllience (which would mean an increase in ths loss
factor). In general this has not been true in our tests. However,
ths relaticnzhip betvween the impact resllience and the acoustic
loss factor 1s not too clear and requires further study.

30. Loss factors obtained in the bulk modulus tesis, although
of a lower magnitude than those obtained in the Young's wodulus
test,ares similar in certain respects. Vulcanlzed gum butyl lLaus
ths highest loss and GR<5<50 and nztural rubber ars among the
lowests E.F.C. black causes a sharp decrezase in the loss factor
in both the butyl and Hycsr OR<1l5 zlastoners zithough sever:sl of
the rubbers do zhow an lncrease in loss on the addltion of E.’.Ce
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At concentreations of 50 parts several of the fillers including
Ti0o, Celite 505, and F, T. black tend to cause an increase in
loss. This is similar ta the effect observed in the loss facitors
in the Young's modulus measurements. Plasticizers vary In thelr
affect and as 1n the Young's modulus test, the addiiion of Cumar
P=25 increases ths loss. 0Dus to basie inaccuracies in measuring
the very smail loss factors too much significance should not he
given to small differences. The fact that the unlecsdeé butyl
glves a loss factor substantially above any other material tested
is perhaps the most significant result of the measursments of
this factor.

CONCLUSIONS

31. On the basis of the work covered in thls investligation,
It ls appavent that within certaln llmitations wide varlations
in asousvical properties of rubber elastomers can be obtained by
the use of varylng amounts and types of compounding ingredients.
Tne limitations on thse degree of wvariatio;r depend tov a considaerw
able extent on the basic azoustical properties of the elastomsr
which are a function of itz particular molecular structure and
upon the physical propertiss deslrad for a specific application.
Thus In matzhilng the lmpedance of water, 1t 1s evident from ths
data presentzd that several rubbers {(GR-S, NR, and GR-I) can be
matched very casily by the addition of carbon black fillers. On
the other haand elastomers such as necprens and Hyecar OR=15 have
such high initlal wvelocltiaes that high loudings of low densiily
plasticlzer would be required with a considerable reduebion in
physical properties,

32, PFurther work in the study of the affect of compounding
ingredients on loes factors and cther pertlnent acoustiecal
properties 1s indicated. Although the work in this Investigation
has been limited to a relatively small number of fillers and
piasticizers, deffinits trends appeared to be develeoping and should
be pursued further. For example, several of the non-vreinforcing
fillers at higher concentrations give gome evidence of inereasing
the loss factor. The use of sslected plaszticizers uay also be a
faector in cbtalning higher losses. 0f tha elastomers situdled,
butyl in the vulcanized gum state has the highest lo3s factor
although the incorporation of a carbon black (E.P.C.) results in
sharp decreases. HNevertheless, further s udy with this rubber
should be carried out with particular emphlasis on variatlons in
unsaturation content, in fillers and plasticizerssand nilling and
molding proceduraes.

38
RESTRICTED

4




RESTRICTED
NAVORD REPORT 1778

FlG.l16
REAL PART OF YOUNG'S MODULUS OF HYCAR vs NUMBER OF

PARTS FILLER FOR VARIOU? 5 g_‘l&ER TYPES.FREQUENCY=I.5KG
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FiG.18

REAL PART OF BULK MODULUS OF HYCAR
OR-i5 vs NUMBER OF PARTS FILLER FOR
VARIOUS FILLER TYPES.FREQUENCY=I5KGC
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FiG. 20

REAL PARTS OF THE YOUNGS MODULUS AND
THE BULK MODULUS OF HYGAR OR-15 vs NUMBER
OF PARTS PLASTICIZER. FREQUENCY=i5KC
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Fig.2l

COMPARISON OF THE REAL PART OF THE YOUNG'S
MODULUS WITH DUROMETE;_RJ%%\DNNG FREQUENGY=1.5KG
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FIG.23
STRIP VELOCITY IN HYGAR OR-15
vs NUMBER OF PARTS FILLER
FOR VARIOUS FILLER TYPES
FREQUENCY=5KGC
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STRIP VELOCITY vs NUMBER OF PARTS E.RC.
FILLER FOR FOR VARIOUS BASIC RUBBERS.
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FiG.25
PERGENTAGE INCREASE IN STRIP
VELOGITY FOR VARIOUS
BASIC RUBBERS vs NUMBER OF
PARTS E.PG. FILLER FREQUENGY=5KGC
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FIG.28
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F16.29
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C) vs NUMBER OF PARTS E.PC

ILLER FAR VARIQUS BASIC

RUBBERS. FR

2.2

EQUENCY=1.5KC
7:30%

a2t

o e o e

CHARAGTERISTIC ACOUSTIC IMPEDANCE (XIGEGMSI (;M2 SEC)

bNEOPRENE(GNA)

HYCAR OR-15 (HG-1%)
HYGARPA(PA)

GR-S-80(GR-S)
NATURAL CREPE (NR}

FBUTYL{GR-T)

" o S g by, v

PG OF SEA WATER

14 1 | i
Q 10 29 30 40 50
NUMBER OF PARTS FILLER
47
RESTRICTED

-_—

-_—



5 2
GM [CM SEG)

CHARACTERISTIC ACOUSTIC IMPEDANGE (Xi0

RESTRICTED
NAVORD REPORT 1778

Fi6.30
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FiG, 31

STRIP ATTENUATION IN HYCAR OR-I5
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F1G6.33
RATIO OF STRIP ATTENUATION IN LOADED
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FIG.35

LOSS FACTOR ASSOCIATED
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vs NUMBER PARTS EP.C.
FILLER FOR VARIOUS
BASIC RUBBERS.FREQUENCY=5KC
7=30°

L2

HYGAR PA
{PA}

BUTYL({GR-1)

FOR voune§ MODULUS
o .
(] o

£~
[ <
Q
-
(%]
Qo7
W
wn
9
YGAR OR-2
06~ H (ﬁcazs, S L wiTn12.5 PaRTS
HYCAROR-15 [ PLASTIGIZER
(HC~15) :
08 f= g
NEOPRENE (GNA)
GA*:-_
_f_.
\4 THIOKOL FA (FA)}{LOADED WITH E.T,
CARBON BLACK)
 —_—

03— NNMURAL CREPE (NR)
GR~S$-80 (6R-5)
1 1 |
25 10 20 30 40 50
NUMBER OF PARTS FILLER

51
RESTRICTED




FOR YOUNGS MODULUS

M

LOSS FACTOR

RESTRICTED
NAVORD REPORT 1778

FIG. 36
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